Efforts to produce stable, derivatized porous silicon have yielded a number of chemical methods capable of functionalizing this interesting material with organic monolayers. Hydrideterminated porous silicon substrates react with alkenes and alkynes in the presence of dilute triphenylcarbenium salt solutions to respectively produce alkyl-and alkenyl-functionalized materials. Characterization by transmission FTIR and solid-state NMR suggests the formation of highly stable silicon-carbon bonds to yield covalently bound organic moieties. Porous silicon passivated in this fashion exhibits a greater resistance than that of the native material to chemical degradation, indicating that the organic functionalities may serve to sterically shield the nanocrystallites from nucleophiles. Hydrosilylation is proposed to proceed via hydride abstraction from the substrate followed by electrophilic attack by the subsequent species upon the alkene/alkyne, a mechanism previously hypothesized for the formation of stabilized β-silyl carbocations. The reaction is tolerant of a variety of substrate functional groups and native porous silicon surfaces but depends markedly upon the identity of the salt counteranion, among other solution parameters.
INTRODUCTION
The relative instability of hydride-terminated porous silicon at ambient conditions to oxidation and degradation has been the focus of much work aimed at the successful passivation and derivatization of this material for fundamental investigations and applied devices without dramatic loss of its physical and chemical properties [1, 2] . Strategies involving the replacement of hydride moieties with silicon-carbon bonds via hydrosilylation reactions of alkenes and alkynes include thermal [3] , Lewis-acid mediated [4] , and exciton-mediated [5] methods. It has since been found that hydrosilylation of a variety of alkenes and alkynes upon porous silicon is achieved in the presence of carbocation salts (figure 1) [6] . The chemical reactivity, stability, and characterization of product surfaces correlate closely to those prepared by other hydrosilylation techniques, indicating the formation of organic monolayers covalently bound to the silicon nanocrystallites and illustrating yet another means for the functionalization of porous silicon.
EXPERIMENT
Hydride-passivated porous silicon samples were prepared within a Teflon cell under ambient conditions by a previously published galvanostatic etching method employing 1:1 (v:v) 48% HF/ethanol [7] . Photoluminescent substrates derived from n-type silicon wafers (P-doped, 0.65 0.95 Ω⋅cm, (100) orientation, 1.1 cm 2 exposed area) were prepared by etching under white light Figure 1 . Carbocation-mediated hydrosilylation of alkenes and alkynes on hydride-terminated porous silicon.
(300 W tungsten filament) at 8.5 mA⋅cm -2 (positive bias) for 90 s, followed by 85 mA⋅cm -2 for 120 s, to produce glassy-looking substrates or by etching at 85 mA⋅cm -2 for 180 s to produce spongy-looking substrates. Non-emissive specimens derived from p-type wafers (B-doped, 6.4-8.6 Ω⋅cm, (100) orientation, 1.1 cm 2 exposed area) were prepared by etching in the dark at 2.0 mA⋅cm -2 (positive bias) for 300 s or by etching at 7.1 mA⋅cm -2 for 30 min. Specimens prepared by these means were characterized by transmission mode FTIR spectroscopy; previous investigations into the nanocrystalline macrostructure through SEM have already been reported [5] . Porous silicon substrates for solid-state NMR spectroscopy were prepared from p + -type wafers (B-doped, 0.010 Ω⋅cm, (100) orientation, 4.5 cm 2 exposed area) by etching at positive bias in the dark first for 3 h at 37 mA⋅cm -2 , replacing the etchant solution every 20 min, then for 5 min at 400 mA⋅cm -2 to separate the porous layer from the bulk as a free-standing disk. After etching, the substrates were rinsed with ethanol, pentanes, and were dried by streaming dinitrogen.
Functionalization of freshly prepared, hydride-terminated porous silicon substrates was accomplished under inert atmosphere by carbocation-mediated hydrosilylation of alkenes and alkynes. To the porous silicon sample, still contained within the Teflon cell, was added 250 µL of dilute (0.001-0.05 M) carbocation solution and 250 µL of alumina-filtered alkene or alkyne. After standing for 3 h at room temperature, the sample was rinsed thoroughly with CH 2 Cl 2 and pentanes before drying fully with streaming dinitrogen. Carbocation-mediated hydrosilylation upon free-standing porous silicon was accomplished by immersion of the free-standing material in equal volumes of carbocation solution and alkene/alkyne for 8-12 h followed by rinsing as described above.
Characterization by FTIR spectroscopy (min. 32 scans, 4 cm -1 resolution) was accomplished utilizing a Nicolet Nexus 670 spectrometer. The etching cell functions also as an IR cell, allowing semiquantitative analysis of the hydrosilylation reaction. Characterization by 13 C NMR spectroscopy (10,000-20,000 scans) was completed using a Varian Infinity 400 MHz solid-state spectrometer. The resonances are externally referenced to the carbonyl group of glycine and the reported values are relative to tetramethylsilane.
RESULTS
Hydrosilylation of alkenes and alkynes with hydride-terminated porous silicon proceeds in the presence of dilute carbocation solution as shown by transmission mode FTIR spectroscopy of the product surfaces (figure 2). Reaction of 1-hexene with porous silicon in the presence of 0.01 M Ph 3 CBF 4 in CH 2 Cl 2 to yield hexyl moieties is suggested by the appearance of sharp alkyl ν(C-H) bands between 2800-3000 cm -1 . Similarly, reaction of 1-dodecyne produces dodecenyl groups, seen in the appearance of ν(SiC=C) at 1600 cm -1 and γ(=CH) at 979 cm -1 . In both experiments the intensity and sharpness of the tripartite ν(Si-H x ) band diminishes upon reaction, suggesting that the alkene or alkyne inserts into the Si-H bond. Characterization by solid-state 13 C NMR spectroscopy of free-standing samples reacted with 0.01 M Ph 3 CBF 4 and 1-pentyne supports this hypothesis ( figure 3) ; resonances attributed to the expected pentenyl monolayer are identified. Chemical evidence for the carbon-carbon double bond is obtained by hydroboration of alkenyl monolayers and characterization of the resulted borylated reduction products. Observed in both spectroscopies are absorptions attributed to the triphenylmethyl group; copious rinsing and even sonication in CHCl 3 is unable to remove these bands. Despite this impurity, the reaction proceeds with little or no oxidation of the porous silicon surface and tolerates a wide range of derivatized alkenes and alkynes (figure 4). Porous silicon surfaces passivated by alkyl and alkenyl groups in this fashion exhibit resistance to oxidation by boiling aqueous and ethanolic bases (pH 10) as assessed by FTIR, further supporting the formation of covalently bound and hydrophobic organic monolayers; unfunctionalized, hydride-passivated porous silicon dissolves rapidly within these chemically harsh conditions. However, carbocation-mediated hydrosilylation upon photoluminescent silicon surfaces appears to almost fully quench the photoluminescence intensity, although more detailed studies remain to be completed.
Carbocation-mediated hydrosilylation was examined for a variety of native porous silicon surfaces, carbocations, counteranions, and reactive conditions to better elucidate the factors and mechanisms that govern this transformation. Preparation of hydride-passivated porous silicon by several different etching methods yields surfaces of different morphological yet similar chemical 
Transmission mode FTIR spectra of a) hexyl-terminated porous silicon, prepared by the carbocation-mediated hydrosilylation of 1-hexene, and b) dodecenyl-terminated porous silicon, prepared from 1-dodecyne. natures. Hydrosilylation is afforded upon surfaces derived from both n-and p-type wafers and apparently depends little or not upon the doping of the crystalline silicon precursor or whether the freshly etched material exhibited photoluminescence. Similar findings were reported for Lewis-acid mediated hydrosilylation. In addition to triphenylcarbenium (Ph 3 C + ), salts of the cations DMT (p-MeOPh) 2 PhC + ), Ph 2 CH + , and C 7 H 7 + were also examined as hydrosilylation agents. The incorporation of 1-hexene employing equimolar concentrations of these salts increases by the following trend:
. This reactivity appears related in some part to the hydride abstraction potential of these salts; the least effective, C 7 H 7 + , is stabilized by aromaticity and is [8] and Ph 3 CBCl 4 [9] , as well as nonionic Ph 3 CCl and Ph 3 CBr, yield no formation of organic monolayers. However, hydrosilylation with Ph 3 CB(C 6 F 5 ) 4 [10] produces functionalized surfaces similar to those prepared with the BF 4 -salt. Control experiments in which freshly prepared hydride-terminated porous silicon substrates are treated only with the carbocation solution yield surfaces with substantial oxidation and greater incorporation of triphenylmethyl moieties.
The effects of various reaction solvents were examined. Carbocation-mediated hydrosilylation of alkenes and alkynes proceeds nearly equally using solutions of Ph 3 CBF 4 in CH 2 Cl 2 and in ClCH 2 CH 2 Cl. Reactions in MeCN yield functionalized surfaces of lesser incorporation; those accomplished in CHCl 3 , however, show greater incorporation. The effects of the carbocation concentration upon the extent of hydrosilylation were examined as well; concentrations below 0.005 M show reduced incorporation of the alkene/alkyne substrate. Solutions greater than 0.01 M exhibit no increase in the hydrosilylation product but rather show stronger infrared absorptions associated with the triphenylmethyl group, indicating that the addition of the carbocation to the porous silicon surface increases under these conditions. Hydrosilylation with neat alkene/alkyne substrates proceeds to nearly equal incorporation as that with diluted substrates (50% by volume).
A proposed mechanism for carbocation-mediated hydrosilylation (figure 5) involves the formation of positive charges upon the porous silicon surface. Hydride abstraction by the carbocation yields formally charged silicon atoms, species regarded as highly unstable in solution-phase chemistry yet relatively uncharacterized in porous silicon surface chemistry. These electrophilic sites may be stabilized by backbonding of the surrounding silicon network, by delocalization via hydride migrations, or by reaction or quenching with nucleophiles. Alkenes and alkynes have been shown in previous work to react in solution-phase to yield isolable β-silyl carbocations [11] ; the characterized porous silicon surfaces show monolayers consistent with this mechanism. Hydrosilylation may proceed a great number of times by regeneration of the silicon positive charge until quenching by adventitious nucleophiles such as trace H 2 O occurs to terminate the cycle. This proposed mechanism complements closely that for exciton-mediated hydrosilylation, where it is believed that surface-localized positively charged holes derived from photoluminescent porous silicon facilitate electrophilic attack by alkenes/alkynes to form covalently bound monolayers.
CONCLUSIONS
Carbocation-mediated hydrosilylation of alkenes and alkynes on porous silicon yields surfaces functionalized with organic groups. Spectroscopic measurements and mechanistic considerations suggest the formation of covalent silicon-carbon bonds and offer this reaction as yet another means of preparing derivatized materials. This reaction tolerates an assortment of chemical groups and proceeds with a range of reactive conditions.
